INTRODUCTION
The forced flowhhermal gradient chemical vapor infrltration process (FCVI) can be used for fabrication of tube-shaped components of ceramic matrix composites. Recent experimental work at Oak Ridge National Laboratory ( O W ) includes process and materials development studies using a small tube reactor. Use of FCVI for this geometry involves significant changes in fixturing as compared to disk-shaped preforms previously fabricated. We have used our computer model of the CVI process to simulate tube densification and to identify process modifications that will decrease processing time. This report presents recent model developments and applications.
MODEL DEVELOPMENT
A "finite volume" method for modeling of FCVI has been described previously'. It involves dividing the CVI system into an orthogonal array of volume elements. A value for each process parameter (temperature, pressure or reactant concentration) is specified at the grid point located at the center of each volume element. This array of discrete values approximates the real, continuous variation of the temperature, of the pressure and gas flow, and of the reagent concentration and reaction rate over the region of interest. A series of steady-state solutions to this model produces a simulation of the densification process.
Improved Numerical Method for Radiative Heat Transfer
For the ORNL infiltration system the temperature gradient through the tube preform is established by radiative heat gain from the hot reactor wall to the outside of the preform and radiative heat loss from the inside of the preform to the water cooled metal
Research sponsored by the US. Department Element GT-l(A) line running through the center of the reactor. Early versions of the CVI model included only conductive and convective heat transfer. This was suitable for disk infiltration where radiative effects are minor. Subsequently the model was modified to include radiative heat transfer using ray tracing between solid surfaces and including the net energy gain or loss as a source term in the finite volume equations*. This method yielded a good match between experimental and model temperature distributions for a tube infiltration system.
Inclusion of radiation as a source term, however, can produce instability or slow convergence in the numerical algorithm used in the finite volume model. A recent modification to the model for heat transfer includes a "linearized" source term and yields more rapid and stable numerical convergence.
For a collection of interacting "gray" surfaces the heat transfer rate through the ith surface is given by the equation, where Ti is the surface temperature, Ei is the emissivity, Bi is the radiosity, Qi is the radiative heat flow through surface Ai, 0 is the Stefan-Boltzmann constant and Fij is the "view factor" for a pair of surfaces. The radiosity Bi of a surface is the sum of the emitted and reflected radiant flux, j=I where l-&i is the reflectance of surface i. Notice that the heat transfer for surface i depends upon the radiosity of all of the radiating surfaces -the sum over all j. Therefore, the heat flow for all of the surfaces must be solved simultaneously. Given view factors Vij) calculated by ray tracing, the emissivities of the surfaces and assuming the nodal temperatures are a good approximation for the surface temperatures, the radiosity at all faces within the simulation domain can be calculated and used to calculate the heat flux through each surface.
~n the finite volume method3 node temperatures are calculate from a matrix equation in the form, where A is the tridiagonal matrix of interaction coefficients representing the conductive and convective heat exchange between a volume element and its neighbors, the vector T represents the node temperatures and the vector b includes the source terms. Since the interaction coefficients and source terms are, in general, temperature dependent this equation is solved iteratively starting from an initial "guess" of the temperate profile.
The most straigheomd method for including the thermal radiation involves summing all of the heat transfers multiplied by the surface area of the exposed faces for the control volume. This sum gives the total amount of radiant energy which enters or leaves that volume and is included as a source term in the above matrix equation. However, for large temperature gradients the inclusion of the radiant source terms may produce divergence in the iterative solution scheme. While this numerical instability can be reduced by "damping" the source terms this also slows convergence, adding extra computation time to model runs. The fundamental cause of the instability is that the radiative source term is calculated using temperatures from the previous iteration cycle. Temperature adjustments in the current cycle have no effect until the next cycle leading to overshoot and oscillations about the C O K~C~ temperature profile. Further, since the radiative contribution to the energy balance depends on the fourth power of temperature, small deviations from the "c0rred7 temperature values can have a disproportionately large effect on the energy balance.
An improved method recognizes that part of the radiative energy exchange can be related to the current temperature of the node. This is seen by rearranging equation (I), where T ; is the node temperature from the previous cycle. In this form the constant part of the source term S, remains on the right-hand-side of equation (2) but the linear part Sp is included in the interaction coefficient matrix A. The effect of this linearization of the radiative source term is more rapid and stable convergence of the model.
Adaptation to Windows Operating System
Originally developed for batch operation under the Unix operating system, the GTCVI code has been modified for use under Windows95TM. Changes include modification of file input and output formats and creation of a run control file which allows multiple, sequential model runs in background mode. Formatting requirements for material and reactant gas property files are simplified. Model code was delivered to ORNL along with test input files.
Model operations and results at Georgia Tech and ORNL are identical.
TUJ3E DENSIFICATION STUDIES
An accurate CVI model can be used to investigate the potential for fabrication of gas-tight tubes for use as heat exchangers for fossil energy applications. Application of the CVI model to simulation of FCVI of tube shapes is demonstrated with an idealized tube infiltration geometry. The standard process necessarily yields tubes with residual gas permeability. A hybrid infiltration process can produce gas-tight tubes. 
Tube Densification Using FCVI
The CVI model is used to simulate the densification process for tubes using the FCVI process. In one configuration the preform is heated from the outside in a tube fbrnace with a cooling line through the center. Reactant gas is admitted into the center of the tube at one end and exhausted from outside the tube at the other end, establishing reactant flow in the direction of an increasing temperature gradient -the essential feature of the FCVI process. This arrangement is shown in Figure 1 for a tube of length 30.5 cm (12 inch) , outer diameter 7.0 cm (2-3/4 inch) and thickness 1.27 cm (1/2 inch). The central cooling line has an outer diameter of 1.27 cm (1/2 inch) and the reactor tube has a thickness of 0.32 cm (1/8 inch) and outer diameter of 13.0 cm (5-1/2 inch). The gas inlet is just outside of the cooling line at one end of the tube and the exhaust is just inside the reactor tube at the other end. This configuration approximates that currently used at Figure 2 shows the overall densification behavior of the tube with these conditions. The process is complete (reaches a backpressure greater than 160 @a) after 32.4 hours. At this time the average density for the tube is 91% full density.
Although the overall density increases at an approximately steady rate over the process period , the backpressure does not increase significantly until the last few hours. This behavior is typical for the FCVI process.
As expected the overall process time depends on the reactor temperature and reagent flow rate. The time decreases with increasing temperature and flow as shown in increase in temperature and a fourfold increase in flow rate. Again, these results are typical for the FCVI process and selection of "optimum" process conditions will be based on factors in addition to process time4. Such factors may include efficiency of reagent utilization, safety limit for hydrogen flow rate or temperature limitation of preform. All of the model runs yielded an average density greater than 90% full density.
In addition to evaluating the effect of various process parameters the model shows the evolving pattern of densification during the infiltration period. This pattern has a significant effect on the structure and properties of the final tube. This progressive densification is shown in Figure 4 . Initially ( Figure 4a ) the densification rate is highest at the outer part of the tube near the inlet end and lowest at the inner part of the tube near the outlet. This pattern results from three factors. First, the low thermal conductivity of the preform creates a relatively steep temperature gradient which results in a lower reaction rate near the inside of the tube. Second, the flow pattern for this geometry is such that the radial velocity through the preform near the inlet end of the tube is higher than that near the outlet, yielding less depletion and lower overall reaction rate near the These factors produce a significant density variation along the length of the tube during the early stage of infiltration.
After several hours ( Figure 4b ) the inlet end of the tube is almost completely densified and the densification pattern through the tube thickness is different than in the early stages, i.e. the inner region of the tube is densifjhg at a higher rate than the outer region. This is the result of two factors. First, as the thermal conductivity of the composite increases the temperature gradient through the tube wall becomes less steep.
Second, as the gas permeability decreases the radial gas velocity through the tube wall is reduced. Both changes favor higher deposition rate near the inside of the tube. Also the overall flow pattern is changed; the radial flow rate near the outlet end of the tube is much larger than that near the inlet.
These trends continue until the end of the process period where most of the tube length has reached nearly full density (Figure 4c) . Only the end of the tube near the outlet has significant permeability and all of the gas flow is through this end. The backpressure rises quickly as this region approaches hll density.
While the details of the process and the overall densification rate may change w i t h changes in process parameters, this pattern of progressive densification does not. It is characteristic of the tube geometry and the reactant and exhaust gas configuration. Indeed, this densification pattern may be highly desirable for production of gas-tight tubes. Although the tube overall remains permeable at the "end" of the FCVI process, this permeability is localized at the outlet end of the tube. Most of the tube length is essentially gas-tight.
The relationship between density and gas permeability bears fbrther discussion, although a fuller analysis is presented in another repod. Three properties of a porous material decrease as the density approaches its percolation limit -gas permeability, mass diffbsivity and available surface area Since the CVI deposition rate depends on all of these, densification also slows as the density approaches this limit. In the model, as described above, the percolation limit is uniform and precisely specified. For a real process with a real preform the percolation 
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Figure 5 . Density of tube near outlet end approaches full density after several hours of infiltration with gas outlet switched. Density plots are for two hour intervals.
limit is not that easily determined and likely will vary along the tube length. However, the model shows that with this infiltration contiguration the tube wall will approach the local percolation limit along most of its length even though the absolute density may vary.
Hybrid Process For Gas-Tight Tubes A new variation of CVI, proposed here, offers the potential for fabricating tubes that are hlly gas-tight along their length. This "hybrid" process is identical to the FCVI process discussed above except that as the tube approaches 111 density the gas outlet point is switched fiom the outside of the tube to the inside. At this point the process is characterized as "isobaric"; there is no pressure difference across or flow through the preform thickness.
Reactant transport into the porous composite is driven only by diffusion. The thermal gradient is maintained as before and densification continues until the inner region of the tube is completely dense. Figure 5 shows the continued densification that results when this switch is made after 32 hours of standard FCW at the conditions of Figures 2 and 4 . The density of the inner region of the tube at the outlet end approaches that of the rest of the tube over several more hours of processing. Overall the density approaches the percolation limit and is essentially gas-tight over its entire length at the end of this hybrid CVI process.
ZL heating ++++ Figure 6 . ORNL infiltration system utilizes porous fiberboard to hold and seal tube preform. Reactant gas can flow through preform or through fiberboard endcaps.
e ORNL PROCESS SIMULATION
The Windows-based GTCVI model was delivered to ORNL and is being used to perform detailed simulations of their CVI reactor. Some of these results have been reported recently6. The OFWL reactor has been used to infiltrate tube preforms of various diameters and fiber compositions, and is similar to the idealized reactor shown schematically in Figure 1 .
One aspect of the O W reactor that is different relates to the method of mounting and sealing the tube preform in the reactor. This is accomplished using rings of a rigid ceramic fiberboard which establish the proper spacing and provide thermal insulation between the tube and the cooling line. This fiberboard is not impermeable and some fraction of the reactant gas will pass through it rather than through the tube as illustrated in Figure 6 . The fraction of flow through the tube end depends on the relative permeabilities and dimensions of the two materials, and since the permeability of the tube decreases as it becomes denser, the partition of the flow will change during processing. Figure 7 . In the ORNL process density and pressure increase with time. While pressure plateaus at approximately 106 kPa, density continues to increase beyond this point. the flow switches to primarily through the fiberboard endcaps. This transition is essentially the Same as the hybrid process discussed above and is capable of producing gas-tight tubes.
SUMMARY
Modifications of the our CVI model include linearization of radiation heat transfer and creation of a Windows-based operation. For tube preforms the model shows a pattern of progressive densification that results in gas-tight material over much of the tube length. A hybrid process involving switching of the gas outlet position near the end of the run and produces tubes that are gas-tight along their full length. GTCVI model has been transferred to ORNL and used for detailed simulation of their infiltration system. The use of permeable,
